Purpose Axial burst fractures of the distal tibia are challenging to treat and often lead to restricted function of the lower limb. The purpose of this study was to investigate the clinical outcome and changes in gait pattern in such patients. Methods Thirty-five patients in a level 1 trauma centre were followed up clinically and by gait analysis. The American Orthopaedic Foot and Ankle Society (AOFAS), visual analogue scale (VAS) foot and ankle scale and Phillips scores were applied. Dynamic pedography (emed-M; Novel, Germany) with analyses of load, pressure and force-time integral were undertaken to investigate possible changes in gait pattern.
Introduction
Intra-articular fractures of the distal tibial pilon are commonly caused by axial loading forces with axial rotational forces. Treatment can be challenging, as high-energy patterns and soft-tissue injuries are often associated, and the soft-tissue envelope is limited at the fracture site [1, 2] . Treatment options are mainly open reduction and internal fixation (ORIF) or application of an external fixation device. Currently, a twostaged protocol with primarily external transfixation and later conversion to ORIF is a commonly accepted standard to decrease the risk of soft-tissue complications and infection rates [1, [3] [4] [5] [6] . Sufficient stabilisation by the implants must be provided to achieve bony union [5, 7, 8] . The necessity for an anatomical restoration of the articular surface is controversial and does not always correlate with the clinical outcome [9] . Post-traumatic arthrosis of the ankle joint is a long-term problem and can influence clinical outcome [2] . Regarding outcome, most studies focus on complications, such as infection rates, pseudarthrosis or post-traumatic arthrosis, and there is limited data concerning quality of life. To our knowledge, no study has so far investigated possible alterations in walking patterns by pedography. This inspired us to set up a retrospective clinical study to investigate the clinical outcome and possible objective changes in walking patterns.
Patients and methods
The study was approved by the local ethics committee and follows the Declaration of Helsinki for ethical principles for medical research involving humans. All patients who had been treated for a pilon fracture between 2004 and 2010 in our institution were reviewed for inclusion/exclusion criteria. Inclusion criteria were age over 18 years, a unilateral fracture of the tibial pilon as the sole injury and no comorbid psychological or psychiatric conditions (such as depression, attempted suicide, etc.) that might potentially influence the subjective evaluation of the outcome or compliance with pedography. Patients' full hospital records (e.g. operative protocol, postoperative load-bearing protocol etc.) were checked to assure that the inclusion/exclusion criteria were met.
Patients received verbal and written information about the study and provided written consent. Plain radiographs and computed tomography (CT) scans (where available) were examined according to the Arbeitsgemeinschaft für Osteosynthesefragen (AO) classification system [10] . Medical charts were used to identify operative procedures, length of hospital stay, complications, rehabilitation protocols etc. Physiotherapy was begun immediately after the operation, with lymph drainage, active joint mobilisation and gait training using crutches with partial weight bearing of 20 kg for eight to 12 weeks, depending on fracture type and operative treatment. In addition to a current clinical examination the visual analogue scale (VAS) foot and ankle questionnaire [11] , the American Orthopaedic Foot and Ankle Society (AOFAS) questionnaire [12] and the Phillips score [13] were carried out. Radiographs were obtained and analysed for post-traumatic arthrosis using the Kellgren and Lawrence score [14] . Range of motion (ROM) of the upper and lower ankle joint were measured, and the difference from the healthy side was noted. Finally, a dynamic pedography was performed. For pedographic analysis, the affected foot was compared with the uninjured side.
Questionnaires
The VAS foot and ankle outcome score [11] is a 20-part questionnaire that reflects the patient's subjective perceptions and is completed by patients themselves; 0-100 points (worstbest) are possible. The score reflects the categories of pain (four questions), function (11 questions), and other symptoms (five questions). In the AOFAS ankle-hindfoot scale [12] with nine questions, 0-100 points (worst-best) are achievable. It reflects the categories of pain, function and alignment. This scale is very well validated in outcome measurements after fractures of the ankle region. The score of Phillips et al. [13] consists of subjective and objective measurements. The first half is subjective and includes pain, stability, walking, activity level and sport, walking distance, swelling and weather influences; the second half is objective and includes ankle and subtalar joint ROM, ankle stability, inflammation (synovitis), pressure pain and radiological signs of osteoarthritis; 0-100 points (worstbest) are possible. It was also developed for follow-up examinations after ankle fractures.
Pedography
Dynamic pedography was carried out in an area measuring 1.2×8.0 m with an integrated measuring plate (EMED-M, 38×42 cm, four sensors per square centimetre, 50 Hz; Novel GmbH., Munich, Germany). Patients were allowed an unlimited number of test walks. At least five accurate measurements per side were carried out, and the average of the values was included in the subsequent analysis. Using software support (novel database essential© vers. 19.3.20, and a newly programmed report for the force-time integral), the foot was divided into ten zones (heel, midfoot, metatarsals 1-5, hallux, second toe, toes 3-5) for pressure, loading, contact time during the roll-over process and force-time integral. Maximum loading, contact time during the roll-over process and force-time integrals were analysed and averaged, and gait axis was depicted.
Statistics
Statistical analysis was carried out using IBM SPSS Statistics (version 17; IBM Deutschland Ltd., Ehningen, Germany). Shapiro-Wilk test showed normal distribution of the cohort. Student's t test for paired samples for pedographic results, Pearson's correlation and analysis of variance (ANOVA) were used to determine differences in clinical outcome; 95 % confidence intervals (CI) and standard deviations (SD) were calculated. Significance level was set at 5 % (α00.05).
Results
Forty-one patients who met the criteria were invited to enter the study, of whom 35 (follow-up 85 %) were willing to participate. There were 25 men and ten women. Average age was 47.6 (range 18-85) years. The right side was affected 21 times, the left 14 times. Mean follow-up was 50 (19-100) months. Seven fractures had been open (3× II°open, 4× III°open). Distribution of fracture types according to the AO classification [10] is shown in Fig. 1 . All patients were treated operatively according to our protocol. In 20 patients, reconstruction was performed by angle-stable plates, 18 of them using a two-staged protocol after immediate external fixation and final reconstruction after soft-tissue recovery (Fig. 2) . In ten patients, osteosynthesis was carried out by screws alone. Two patients received external fixation and screws, and in three cases, a combination of an intramedullary nail with additional screws was used. One of these 35 patients had to undergo ankle fusion due to post-traumatic arthrosis at a follow-up of 35 months, and one patient underwent ankle fusion after ten months due to ongoing infection with a large bony defect after a III°open fracture.
Range of motion
Motion of upper and lower ankle joint was restricted on the injured side compared with the healthy side. The injured upper ankle joint showed a lower ROM (extension/flexion) of 36°(±20°SD) vs. 67°(±11°SD) (p <0.01) compared with the uninjured side. The lower ankle joint also showed a decreased mean ROM (pronation/supination) of 16°(±10°SD) vs. 32°(±10°SD) of the uninjured side (p<0.01).
Questionnaires
Mean value of the VAS foot and ankle outcome score was 79 points (range 58-98) for type B fractures and 51 (range 23-89) for type C fractures (p <0.05), with a negative Pearson correlation of −0.56 (p<0.01) between t VAS score and fracture pattern according to the AO classification; mean value of the AOFAS score was 82 points (range 73 (Fig. 3) . Overall, mean functional results of all three questionnaires were satisfactory. [14] . Patients who had undergone ankle fusion were regarded as having severe signs. There was a high correlation of 0.74 (p<0.01) between injury severity in the AO classification and onset of post-traumatic arthrosis. ANOVA showed decreasing clinical outcome with arthrosis progression (p<0.05 for all three questionnaires) (Fig. 4) .
Pedography
Dynamic pedography revealed a clearly disturbed walking pattern of the injured side. In the heel region, there was less loading (460±118 N vs. 500±102 N; p<0.05) and a lower force-time integral (157±73 N*s vs. 177±66 N*s; p00.052) of the injured limb compared with the healthy side. Under the first metatarsal region, there was also less loading (142± 72 N vs. 171±60 N; p<0.05) and a lower force-time integral (59±36 N*s vs. 72±31 N*s; p<0.05) of the injured limb compared with the healthy side. In contrast, under the fourth metatarsal, there was higher loading (148±75 N vs. 126± 43 N; p<0.05), than there was under the fifth metatarsal (62 ±39 N vs. 49±29 N; p<0.05). There was a higher force-time integral (25±18 N*s vs. 21±9 N*s; p<0.05) of the injured limb compared with the healthy side (Fig. 5) . These results indicate a lateralisation of the gait axis of the injured limb (Fig. 6) . Pedographic results correlated with clinical outcomes in the questionnaires (Table 1) .
Discussion
Since the publishing of results for low-energy pilon fractures in 1969 by Rüedi and Allgöwer [15] , operative treatment of these fractures with the four key principles (restoration of length and axis, anatomical reconstruction of the joint surface, filling of the defect and support of the medial column) have been a common standard. Nowadays, these principles are debated. Today, high-velocity injuries There is a deterioration of outcome with arthrosis progression with severely compromised soft tissues are observed more frequently, which preclude the ORIF technique using the extensive approaches described by Rüedi and Allgöwer. Anatomically preshaped plate implants with angle-stable screws acting as an internal fixator using a minimally invasive technique (MIPO) have been developed and were supposed to deliver a crucial benefit for soft tissues, whereas formerly, surgeons were concerned about opening "Pandora's box" postoperatively when using excessive surgical approaches in the presence of severe soft-tissue injuries. The need for additional bone grafting may be reduced with MIPO, as there is no classic compression osteosynthesis and the rigidity of the new implants is higher. However, so far those positive results have not been published in the literature, and complication rates, infections and the onset of osteomyelitis remain at high levels, (up to 23 %, as shown in the literature) and the quality of joint reduction and varus/ valgus alignment is more demanding and difficult [16, 17] . Marsh et al. proposed that the correct alignment seems to be more important than an absolute anatomical reconstruction of the joint surface [9] . In our series, in four patients (11 %) problems with primary wound healing occurred, three of these (8.6 %) were associated with superficial infection and one leading to osteomyelitis (3 %). In two cases (5.7 %; one each), a varus/ valgus malalignment of over 5°occurred. A common problem in the long-term outcome is the development of post-traumatic arthrosis and thus limited function of the injured limb. In our collective, there were moderate or clear signs of post-traumatic osteoarthrosis in 25 % of patients. Other authors describe rates of 10-55 % [2, 18] , with a correlation between fracture severity arthrosis onset. We also found a very high correlation between fracture severity (using the AO classification) and arthrosis development (0.74; p<0.01). This correlation was also reflected in the functional outcome in the questionnaires. An average of 65.2 points in the AOFAS score, 54.6 in the Phillips score and 62.5 in the VAS foot and ankle outcome score was seen. These are overall satisfactory results. Ketz et al. found an average of 76.4 and 85.2 points in the AOFAS score in their groups of type C2 and C3 fractures, respectively, after plate osteosynthesis using different approaches; Kiene et al. described a mean AOFAS score of 81 points after a combination of external fixation and lag screws [19, 20] . Our study has some limitations: It was a retrospective single-centre study, and different fracture patterns were treated using different stabilisation techniques, including angular stable plates and external fixators as required. It is known that fracture patterns according to the AO classification are correlated with clinical and functional outcomes [21, 22] and therefore may lead to a bias in the pedographic results. Furthermore, conclusions from such a small cohort, of 35 patients, must be considered with caution. However, fractures of the tibial pilon represent less than 10 % of all tibial fractures [23] , and studies with a large cohort are rare.
Whereas alterations in walking patterns are described in calcanea1 fractures, end-stage osteoarthrosis of the ankle and tibiotalar fusion, our study provides information on gait analysis after pilon fractures. Horisberger et al. found a decreased maximum force and contact area in the entire osteoarthritic foot and a decreased peak pressure in the hindfoot and toes in patients with endstage osteoarthrosis of the ankle [24] . Similar changes were found in patients after intra-articular fractures of the calcaneus. In these patients, pressure reduction of the hindfoot with compensatory increase in pressure in the midfoot and lateral forefoot region with a lateralisation of the gait axis is described [25] . These changes also occurred in our patients and were additionally confirmed by calculations of the force-time integral. A possible explanation could be the reduced mobility of the hind foot, which is an associated feature in all of these patients. However, whether this is the only reason for the altered walking patterns or whether different 
